This paper reports a spectroscopic study of non-thermal plasma chemistry in an air-fed dielectric barrier discharge (DBD) plasma jet. In-situ analysis (i.e. the analysis of the plasma glow) and downstream analysis were carried out to identify and monitor species produced in the plasma as they propagate from the plasma glow to downstream regions. The analyses were carried out using Fourier Transform InfraRed (FTIR) and UV-Vis spectroscopies. The species: O3, N2O5, N2O, HNO3, CO2, CO and, for the first time, a vibrationally excited form of CO2 (i.e. CO2 * (v)) were identified in the plasma glow, while O3, N2O5, HNO3 and N2O were detected in the downstream exhaust. The behaviour of these species was monitored as a function of a range of experimental conditions including: input power, gas flow rate, relative humidity, gas temperature and feed gas composition. In addition, the uncertainty associated with UV-vis detection of ozone in the presence of N2O5 and/or HNO3 as interfering species was determined.
Introduction
Non-thermal plasma (NTP) has received significant attention during the past few decades, and its application in different fields is increasing. One of the most common types of NTP generator is dielectric barrier discharge (DBD) in which the NTP is formed between powered and earthed electrodes separated by one or more layers of dielectric. In addition to the use of DBD to generate ozone, DBD finds wide application in the industrial, environmental and medical fields e.g.: polymer processing [1] [2] [3] , the removal of air contaminants such as SO2, NOx, VOC [4] [5] [6] and the hydrogenation of CO2 [7] .
Furthermore, DBD has proved to be useful for the sterilization and disinfection of contaminated surfaces [8] [9] [10] [11] including living tissues [12, 13] .
Within a NTP, a number of active species are formed including: free radicals, ions, electrons and reactive neutral molecules. The amounts and nature of these species are typically determined by several parameters such as: feed gas composition, flow rate, gas temperature and power input. Hence, determining the composition of the NTP is important, particularly for biomedical applications [14, 15] .
Pipa & Ropcke et al. [14] have shown that Fourier Transform InfraRed spectroscopy (FTIR) can be employed to identify the species within the exhaust stream of an argon-fed atmospheric pressure plasma jet (APPJ) which was contaminated with 1.0% ambient air. The authors identified: NO2, NO, N2O, HNO2, HNO3, CO2 and CO, and suggested that the formation of the latter two may due to the interaction of the plasma jet with plastic components of the APPJ. The study carried out by Reuter et al. [16] showed that the ozone formed by feeding a mixture of pure oxygen and argon to an APPJ can be monitored in and after the plasma glow region using mid-infrared quantum cascade laser absorption spectroscopy.
The formation of chemically and biologically active species through the interaction of a plasma jet with the surrounding air during the application of an argon fed APPJ was investigated by Bleker et al. [15] .
In their system, the plasma jet device was mounted in a chamber in which humidified mixtures of oxygen and nitrogen were fed to the jet. The exhaust was then monitored downstream of the plasma using FTIR spectroscopy. Their results showed that ozone and nitrogen dioxide were the main products, with small amounts of H2O2 and HNO3. Thus, in contrast to the work of Pipa and Ropcke et al [14] , it may be concluded that the chemical composition of the exhaust of NTP depends on the method of introducing air to the plasma jet (i.e. in the feed gas, or by interaction of the air surrounding the plasma jet). In addtion, these results suggest that the plasma effluent changes as it move downstream from the discharge [17] .
Despite the wide applications of DBD, there are few studies in which the output of these reactors near the glow region is monitored, and no papers report the analysis of the plasma glow itself. To the best of our knowledge, the only study in which the near glow region of a DBD was investigated (i.e. ca. 2 cm post the plasma glow) was that by Sakiyama et al. using FTIR spectroscopy [18] . In their work, a numerical model including 600 chemical reactions was proposed to simulate the changes in the exhaust of a surface dielectric barrier discharge (SDBD) with time. Their model was based on the assumption that the concentrations of the neutral species in post plasma region are mainly determined by the rate of their diffusion from the discharge region. In their experimental work, FTIR analysis was carried out to identify the neutral species in the exhaust of a SDBD ca. 2.0 cm after the plasma glow in a closed system using a fixed volume of humidified, artificial air (i.e. 80% N2 + 20% O2). The authors detected a number of neutral species, i.e. O3, N2O, N2O5 and HNO3. However, no quantitative analysis was conducted to compare the experimental data with those predicted by their model. In the discussion below "in-situ" will refer to the monitoring of the plasma glow.
One of the properties associated with DBD is the continuous change in the temperature of the dielectric during operation [11, 13, 19] ; this may be expected not only to affect the output of the plasma but also the rates of species diffusion from the plasma to afterglow regions [20] . Hence, the change in the plasma products as a function of runing time was invistigated in this work. The work reported in this paper seeks to identify and quantify the concentrations of neutral species in glow and downstream regions, under continuous gas flow conditions. The concentrations of these species were monitored using FTIR spectroscopy coupled with a UV spectrometer. The DBD employed in this work was designed and fabricated in-house with a configuration similar to that reported by Koinuma et al. and co-workers [21] to allow the formation of a sufficient plasma jet for the direct in-situ analyses. The individual and cumulative effects of: feed gas composition, input power, running time, flow rate and gas temperature on the chemical composition of NTP were investigated. In order to maintain the consistency of experimental conditions and accuracy of measurements all the experiments were carried out such that surrounding ambient air was not in contact with the plasma or the plasma exhaust. The effects of other parameters such as the physical and chemical properties of the dielectric on the NTP exhaust will be reported in a subsequent paper.
Experimental

Gases
O2 (≥ 95.5%), N2 (> 99.99%) and 1.0% CO2 in argon were obtained from BOC. Artificial air (i.e. 20% O2 + 80% N2) and ambient air were also used.
Non-thermal plasma jet generator
A DBD with a coaxial wire-to-cylinder configuration was employed as the non-thermal plasma jet system. A schematic figure of the DBD configuration is shown in figure 1 . As may be seen from the figure, the plasma was produced by passing the desired gas composition over a central, stainless steel rod, 1.5 mm thick, mounted in a borosilicate glass tube of 1.8 mm internal diameter, 1.0 mm thick and 6.3 cm in length. The external electrode was made of stainless steel foil 10 mm long and ca. 0.1 mm thick, this was wrapped around the glass tube near the tip and covered with PTFE as an external insulator. The external and internal electrodes were connected to a sinusoidal type, high-voltage power supply (NP-10000-30, NeonPro, China) which was employed to provide a range of high voltage outputs at a constant frequency of 24 kHz. A variable transformer (Y16HM, Zenith) was used to control the input power to the HV power supply. The discharge voltage was monitored using an oscilloscope (PM3217, Philips) coupled with a HV probe (Testec, RS 366-9141, UK) with a maximum load of 15 kV. The input power was monitored using a power meter [2000 MU, Pro-digit Electronics].
The input power values quoted in the text are the total power consumed by the system after subtracting that consumed by the variable transformer.
FTIR analysis
FTIR experiments were carried out using a Varian FTS7000 spectrometer equipped with a ceramic, air cooled infrared source and a liquid nitrogen-cooled MCT detector. In each experiment, a reference spectrum (SR, 8 cm -1 resolution, 100 co-added and averaged scans) was obtained with the gas flowing but with no discharge. A sample spectrum was then collected, immediately after which the high voltage power supply was switched on, and further sample spectra (SS) collected at regular intervals up to 10 minutes. The sample spectra were ratioed to the reference spectrum according to equation (1):
This data manipulation results in difference spectra in which peaks pointing up, to +(Absorbance), arise from the gain of absorbing species in SS with respect to SR, and peaks pointing down, to -(Absorbance), to the loss of absorbing species. The FTIR resolution 8.0 cm -1 was chosen to maintain rapid scans, and the time required for each scan was 45 s.
Quantitative analyses
The ozone concentration was monitored by integrating the FTIR absorbance band from 2070 to 2135 cm -1 using an integrated band intensity coefficient (IBI) of 6.04 × 10 -19 cm molecule -1 , as reported by
Perner et al. [22] . UV-vis detection of ozone was carried out using an extinction coefficient of 308.3 ± 4.0 atm -1 cm -1 for the 254 nm absorbance band [23] . The NO2 concentration was monitored at 1631.0 cm -1 employing an extinction coefficient of 1.81 × 10 -19 cm 2 molecule -1 [24] , and the concentration of N2O was quantified by integrating the band from 2167 to 2268 cm -1 using an integrated band intensity coefficient of 2362 cm atm -1 , as determined during this work.
Relative humidity control
The relative humidity of the feed gas was controlled using a humidity regulator which was a jacketed Dreschel bottle containing supersaturated aqueous solution of NaCl (400 cm 3 ). The temperature of the Dreschel was maintained constant between 4.0 and 40.0 o C via a Grant LTC1 Water Recycler. The relative humidity of the gas exiting the Dreschel bottle was monitored using a calibrated Testo 605-H1 humidity meter. Table 1 summarizes the ranges of the experimental conditions employed in this work.
Experimental procedures
The FTIR analyses of the plasma composition was carried out directly (in-situ) by passing the infrared beam through the plasma, or through the exhaust gas ca. 2 m downstream, see figure 2. As can be seen from the figure, the feed gas with a fixed flow rate was passed through a gas mixing cylinder to allow homogeneity when more than one gas was used. The mixed gas was then passed, if needed, through a relative humidity regulator placed prior to the dielectric barrier discharge. Depending on the type of experiment, the feed gas was passed either through channel (I) or (II) for in-situ or downstream FTIR monitoring, respectively. As may be seen in figures1 and 2, the DBD was inserted into an in-house built 
Plasma jet temperature measurement
In separate experiments, the change in the plasma jet temperature with time was monitored using a transmission cell similar to that employed for in-situ and downstream analyses, but with an additional port on the top of the cell. The port at the top was used to pass a thermometer (Fisherbrand, FB58555, UK) into the plasma jet 5.0 mm from the DBD nozzle. One of the most important parameters that determine the chemical composition of non-thermal plasma is the feed gas composition. Hence, the species formed within the glow and near glow regions were monitored as a function of the feed gas composition. Pure gases were tested first, and then gas mixtures. Figure 3 shows spectra collected as a function of time using pure oxygen. As can be seen from the figure, the spectra consist of two pairs of bands, at 2121 & 2098 cm -1 and 1055 & 1030 cm -1 , which may be unambiguosly attributed to the 1 st overtone and fundamental absorptions, respectively, of O3 [25] . Apart from the distinctive bands due to ozone, no other bands were observed. When oxygen was replaced by pure nitrogen, no absorption bands were observed, in agreement with the work of SchmidtBleker et al. [15] . In all cases, as soon as the DBD power supply was switched off, all absorptions disappeared. and NO2 were observed when the feed gas contained N2 and O2. An additional shoulder at 1700 cm -1 , and bands at 1341 and 1314 cm -1 were observed when the feed gas was ambient air or humidified artificial air, and may be attributed to HNO3 [26] . The features at 2360 and 2340 cm -1 in spectra (ii) and (iii) may be unambiguously assigned to CO2 [27] , and are due to purge mismatch in the FTIR sample compartment. The two features in the same region as CO2 in spectrum (i) may be attributed to a vibrationally excited form of CO2, CO2 * (v), and this is discussed in detail below. [27] Table 3 shows the plasma initiating reactions induced by electron collisions with ambient air molecules.
The reactions from (R1) to (R11) include electronic and vibrational excitation, ionization and dissociation. Table 4 lists the chemical reactions taking place in the plasma along with their rate coefficients involving free radicals, free radicals + neutral species and neutral + neutral species. Due to the fact that the concentrations of ions were expected to be significantly lower than those of the neutral species (i.e. 4 orders of magnitude [18] ) and hence their effects would be limited to the NTP glow region, these reactions were not included. (R#) Reaction
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Non-thermal plasma & CO2
From figure 4 it may be seen that two distinctive gain features were observed at 2366 and 2326 cm -1 with air but not with artificial air, and hence these bands were assumed to be due to one or more forms of CO2. To test this hypothesis, experiments were conducted using CO2 mixed with various feed gases, and the results are shown in figures 5(a) and (b). As can be seen from the figures, the gain features at 2366 and 2326 cm -1 were superimposed upon the CO2 loss features, suggesting (given the chemical simplicity of the system) that these bands are due to some form of CO2. In addition, the intensities of these absorbance features were found to be greater in plasma than in the afterglow region, as will be shown below. We attribute the bands at 2366 and 2326 cm Furthermore, in the presence of oxygen the absorbance due to CO was not observed, and the intensities of the CO2 loss features were found to be the lowest of all the gases; this suggests that CO was oxidized, as soon as it was formed, back to CO2 or to CO2 * (v) most likely by ozone or atomic oxygen [57, 58] .
In addition to the direct dissociation of CO2 . Each spectrum was ratioed to its reference spectrum collected with no discharge power with the gas flowing at the specified rate. 
The effects of discharge power and gas flow rate
The change in the plasma chemical composition was monitored as a function of the input power and gas flow rate using ambient air and dry artificial air as feed gases. The specific power density was employed to assess the combined effect of the input power and gas flow rate on the plasma composition: HNO3 and N2O5 produced in ambient air were not monitored due to their interference with each other and with other species, as shown in figure 4 . Table 5 shows the range of specific power densities at different input power and gas flow rates employed for the data presented in figure 6 . As can be seen from the table, power densities from 2.8 to 4.3 J cm -3 were obtained at a constant gas flow rate of 0.5 dm 3 min -1 and varied input power. Higher power densities were observed at an input power of 36 W, increasing with decreasing gas flow rate. As can be seen from figure 6 , the partial pressure of N2O was found to increase linearly with the power density when ambient air was used. However, in dry artificial air the partial pressure of N2O was found to increase rapidly with the power density from 2.8 to 4.3 J cm -3 , but the increase was much less pronounced at higher power densities. In the case of ozone, similar behaviour was observed with ambient and dry artificial air; in both cases the ozone partial pressure increased more rapidly with power density at lower power than at higher power densities. At all power densities, the partial pressures of ozone were higher with the dry artificial air feed than with ambient air. No steady state was observed.
This behaviour may be attributed to the combined effect of relative humidity and gas temperature, as will be discussed below. The formation of NO2 was found to vary with feed gas composition and flow rate: as can be seen from the figure, when ambient air was employed, two trends were observed: (I) from 2.8 to 4.3 J cm -1 and (II) from 5.4 to 10.8 J cm 3 , with the slope of the plot in region (I) higher than in region (II).
The partial pressure of NO2 at 5.4 J cm -3 was found to be 24% lower than that obtained at 4.3 J cm -3 , corresponding to a reduction in flow rate from 0.5 to 0.4 dm 3 min -1 . Considering the direct effect of the feed gas flow rate on the length of the plasma jet, it may be concluded that a significant fraction of the NO2 was concentrated within the plasma region, in agreement with previous studies [17, 18] . Because the same amount of NO2 was obtained at power densities of 4.3 and 10.8 J cm -3 , i.e 9.44 ×10 -5 atm ± 1%, it does not seem unreasonable to postulate that the reduction of NO2 partial pressure with decreasing gas flow rate was compensated by increasing the power density. However, by replacing the ambient air with artificial dry air, the NO2 partial pressure declined with increasing power density. Thus, it is clear that the presence of water vapour has a major effect upon the production of NO2.
Unlike the case of N2O, the formation of CO2 * (v) from ambient air was found to be more sensitive to input power and flow rate than to specific power density. As can be seen from figure 6 , the absorbance of CO2 * (v) increased significantly with power density from 3.2 to 4.3 J cm -3 . Within the same range of input power densities using ambient air, it can be seen that increase in the intensity of CO2 (ii) Figure 6 . Plots of the partial pressures of O3, N2O, NO2 and CO2 * (v) absorbance at 2326 cm -1 as a function of discharge power density and feed gas composition monitored using in-situ FTIR spectroscopy 1 minute after the plasma was turned on. The feed gases were: (i) dry artificial air and (ii) ambient air. The input power and feed gas flow rates ranged from 27-36W and 0.2-0.5 dm 3 min -1 , respectively.
Relative humidity and gas temperature effects
Due to the apparently significant effect of water vapor on the chemical composition of the NTP, it was decided to determine this in a more measured fashion. Figure 7 shows spectra collected after 1 minute of NTP using: (i) dry and (ii) humidified artificial air at 20% RH. Spectrum (iii) in figure 7 shows spectrum (i) subtracted from (ii). As can be seen from the same figure, the addition of water vapor to (i) (ii) (iii) Figure 7 . In-situ FTIR spectra collected after 1 minute of DBD operation at 36W using: (i) dry artificial air, (ii) artificial air + 20 % RH and (iii) the difference between (i) and (ii). The input power was 36W and gas flow rate 0.5 dm 3 min -1 .
Due to interference between the bands of N2O5 and HNO3 and other products bands, as shown in figures 4 and 7, it was difficult to monitor the variation of their concentrations with relative humidity. N2O5
formation was expected to occur via reaction (R79), as well as being involved in several decomposition reactions in dry air such as (R38), (R88), and (R96). However, the reduction of N2O5 observed with humidified air may be attributed to the additional destructive reactions (R69), (R70) and (R95). In addition to reactions (R95) and (R69), HNO3 can be produced through the reactions (R58) and (R81).
However, HNO3 can decompose to NO2 through the reactions (R43) & (R93), or to NO3 through the reaction (R61). Figure 8 shows the change in NO2 partial pressure as a function of operational time and relative humidity, measured using in-situ FTIR spectroscopy at 36 W and 0.5 dm 3 min -1 . As can be seen from the figure, the partial pressure of NO2 increased with relative humidity and running time. However, when using dry artificial air, the partial pressure of NO2 was low and remained essentially constant with running time. After the first minute, the partial pressure of NO2 using dry air increased by ca. 50, 82 and 109 ±2% as the relative humidity was increased to 20, 40 and 60%, respectively. In humidified artificial air the partial pressure of NO2 after 10 minutes was ca. 2.2 times higher than that obtained after the first minute, and this was observed at all humidity levels studied. Taking into account the continuity of gas flow in these experiments, it may be postulated that the gradual increase in NO2 concentration with time is mainly due to a change in dielectric temperature [11, 13, 19] . As a result, the gas temperature may change due to heat transfer from the dielectric by convection and thermal radiation [19, 62] . The amount of heat that can be transferred to the plasma is determined by several factors including: the feed gas composition, discharge current, the proximity to the discharge centre and the shape and configuration of the discharge electrodes [62 -65] . The gas temperature would be expected to be the highest near the discharge electrodes and to decrease along the length of the plasma jet [17, 60, 62, 66] . Thus, it can be assumed that the gas temperature profile along the jet is determined by the temperature near the discharge electrodes. Based on this assumption and because of the small discharge gap width of the DBD employed in this work, and the limited length of the jet (i.e.
6.0 mm) it was found to be difficult to monitor the change in the gas temperature at different points along the jet axis. Instead, the change in gas temperature with time was monitored at a single point ca.
5.0 mm beyond the DBD nozzle using a thermometer with its bulb immersed in the jet and correlated with the changes in concentration of different species observed with time. This point was chosen to ensure direct monitoring of the gas temperature within the jet without interfering significantly with the jet flow. Figure 9 shows the plasma gas temperature monitored 5.0 mm beyond the DBD nozzle as a function of running time. As can be seen from the figure, the gas temperature increased rapidly during the first five minutes and less significantly at longer times. In general, this behaviour was found to agree with the work reported by Akitsu et al. [11] and Visser et al. [19] . In addition, it can be seen from figure   9 that the change in gas temperature showed the same basic profile as the plots of NO2 partial pressure showed in figure 8 . . Figure 10 shows the change in NO2 concentration as a function of relative humidity and gas temperature; the data points were extracted from figures 8 and 9. As can be seen from the figure, the concentration of NO2 was found to increase linearly with the gas temperature with the exception of dry air, where it varied very little. This suggests that the change in NO2 with time using humid air was primarily due to the increase in gas temperature. Forthermore, it can be seen from the same figure that the effect of humidity on the formation of NO2 was more pronounced at high temperatures. Hence, it can be concluded that there is a synergic effect of humidity and temperature.
The marked difference in behaviour between humidified and dry artificial air may be explained in terms of the formation and decomposition reactions in each case. For instance, the reactions responsible for . Maximum NO2 partial pressure = P*NO2 = 7.7± 0.62×10 -5 atm. . Maximum N2O partial pressure = P* N2O = 2.07 ± 0.1× 10 -5 atm.
(a) (b) (R25). Hence, as in the case with the other species, the partial pressure of N2O at any time represents an equilibrium between the formation and decomposition reactions.
Downstream analyses
In this section, the chemical composition of the exhaust from the non-thermal plasma was monitored downstream to establish a comparison with that monitored in-situ. Figure 13 shows the spectra collected from the exhaust of the non-thermal plasma cell using FTIR spectroscopy. As can be seen from the figure, the chemical species observed downstream using dry artificial air were O3, N2O5 and N2O. With ambient air, HNO3 was seen in addition to these species. In contrast to the chemical composition observed in-situ, neither NO2 nor CO2 * (v) were seen within the downstream exhaust. Hence, it can be concluded that these species are mainly concentrated in the plasma glow region. In general, these data were in good agreement with the DBD effluent analyses carried out downstream by Eliasson et al. [67] , and in the afterglow region by Sakiyama et al. [18] . (i) (ii) Figure 13 . Downstream FTIR Spectra collected after 1 minute of DBD operation as a function of the feed gas composition: (i) ambient air, (ii) dry artificial air. The input power was 36W and gas flow rate 0.5 dm 3 min -1 .
FTIR analysis
Ozone
The analyses of ozone in the downstream exhaust from the NTP was carried out using FTIR and UVVis spectroscopies to cross check these methods, using pure oxygen as the feed gas. In general, the variation between both analytical approaches measurements was found to lie within the level of uncertainty (i.e. 1.5%) based on the extinction coefficients employed [68] . However, when the feed gas was replaced with dry or humidified artificial air, a significant variation between the UV and FTIR measurements were observed. Hence, the comparison between both techniques will be discussed in a following section. Figure 14 compares the FTIR measurements of ozone partial pressure collected from the plasma glow and downstream regions as a function of operation time using dry and humidified artificial air. From the figure, it can be seen that the highest ozone concentrations were obtained using dry air in both glow and downstream regions. In addition, regardless of the humidity of the artificial air, the ozone concentration in the downstream exhaust was found to be 30-40% lower than that in plasma glow. In fact, such a significant change suggests the occurrence of chemical reactions rather than a simple diffusion effect. In addition, the similar magnitude of ozone reduction observed in dry and humidified artificial air suggested that the effect of feed gas humidity on ozone is more significant in the plasma region. Based on the supposition that 1 mole of NO2 reacts with one mole of O3, from figures 10 and 11, it would be expected that, at the highest partial pressure of NO2 produced in artificial air and 40% RH, no more than 2.2% of the ozone present would be decomposed. The fact that a 40% reduction in the partial pressure of O3 was observed between the plasma glow and downstream exhaust region strongly suggests that the decomposition of ozone occurs via other paths. Some of the species that would be expected to play roles in ozone decomposition post the plasma region are metastable atomic oxygen and nitrogen [17, 69 -71] . Atomic nitrogen can react directly with ozone (R21) or with oxygen (R20) to produce NO molecules which, in turn, consume ozone via reaction (R73) to produce NO2. Furthermore, atomic nitrogen can react with nitric oxide (R19) to produce vibrationally excited N2 with sufficient energy to induce ozone dissociation [72] . Atomic oxygen can decompose ozone through reaction (R33) or by reacting with atomic nitrogen (R18) to produce nitric oxide. From figure 14 , it can be seen that the downstream measurements obtained from dry artificial air indicated a rapid decomposition of ozone during the first 5 minutes, slowing down at longer times. This behaviour was not observed using humidified artificial air which may be attributed to the lower amounts of atomic oxygen and nitrogen being available for ozone decomposition as a result of: (i) lower formation due to the consumption of energetic electrons by the dissociation of water molecules, and (ii) reaction with water dissociation products such as OH and HO2 through reactions (R19), (R25), (R31) and (R32). Figure 15 shows the change in N2O partial pressure as a function of feed gas composition and running time monitored in-situ in the plasma and downstream in the exhaust. As can be seen from the figure, in the case of humidified air, the partial pressure of N2O monitored downstream was lower by ca.18% than found in the plasma. However, with dry artificial dry air, the downstream partial pressure of N2O was found to be higher than that monitored in-situ and to increase significantly with the running time. After 10 minutes, the downstream partial pressure was found to be more than 30% higher than that monitored in-situ. Considering the fact that N2O generation from dry air would be expected to take place through the reactions of atomic nitrogen with NO2 (R24) or NO (R28), it can be concluded that some of these reactions must be taking place in afterglow region. This further indicates the major role of atomic nitrogen in the afterglow region. In the case of humidified artificial air, the negative effects of water molecules on atomic nitrogen, discussed in section 3.2.2, may be expected to depress the . formation of N2O in the downstream region. On the other hand, atomic oxygen which has diffused from the plasma or formed in the afterglow region through ozone dissociation can facilitate N2O decomposition through reaction (R41).
N2O
The uncertainty associated with downstream UV analyses of ozone
UV spectroscopy is one of the most common methods that have been used widely for ozone monitoring [73] , and a significant number of articles have employed this approach for ozone monitoring from various types of air-fed ozonisers. Recently, Moiseev and co-workers [74] have employed UV-Vis spectroscopy to monitor the change in the chemical composition of humid air in a container after being exposed to NTP for 15-120 seconds in a large gap DBD. From their work, several species were assumed to interfere with the ozone absorbance at 254 nm namely: NO2, N2O4, N2O5, H2O2, HNO2, HNO3 and HNO4, and hence they have employed three deconvolution methods to compute these interferences to evaluate the concentrations of different species. Their results suggest that the ozone concentration can be overestimated by up to 20% in the presence of the interfering species. However, since not all of these species were observed in our work, it was decided to evaluate the level of uncertainty in our UV-Vis measurements of ozone in the outputs of a DBD fed with dry and humidified artificial air. Figure 16 shows a comparison between ozone partial pressure measurements carried out using FTIR and UV-Vis spectroscopies in the downstream region as a function of running time using dry and humidified artificial air. As can be seen from the figure, ozone measurements carried out using the UV spectrometer were found to be higher than those obtained using FTIR spectroscopy. Furthermore, the difference between the UV and FTIR measurements was found to increase with time from 19% to 40%
and from 33% to 42% when dry and humidified artificial air were employed, respectively. The increase in the difference between the UV and FTIR measurements with time can be attributed to the increase in the concentrations of N2O5 and HNO3 that can interfere with UV measurements of ozone in dry and humidified artificial air, respectively. Thus, the overestimation of ozone concentration obtained using UV is expected to increase with the number and concentration of interfering species. Therefore, the determination of theses interfering species and the magnitude of their interference is important to maintain a reliable level of accuracy when employing UV spectroscopic analyses of ozone.
Time/ minutes . Plots (ii) and (iv) were obtained from figure15.
Conclusions
The chemical composition of non-thermal plasma (NTP) produced using an air-fed dielectric barrier discharge (DBD) jet was monitored in the plasma glow and downstream regions employing FTIR and UV-Vis spectroscopies. Depending on the constituents of the feed gas, N2O, O3, N2O5, NO2 and HNO3
were observed in the NTP glow region, while N2O, O3, N2O5 and HNO3 were detected in the downstream exhaust. However, when the feed gas included CO2, CO and a vibrationally excited form of CO2 (i.e. CO2 * (v)) were also detected. The latter has hitherto not been observed in NTP using FTIR spectroscopy.
It was postulated that the formation of CO2 * (v) from CO2 may take place through direct electron collision and/or through interaction with other excited molecules. However, the relaxation to CO2 and/or dissociation to CO and atomic oxygen were assumed to be the main pathways of CO2 * (v) loss. In 1% CO2/Ar, the conversion of CO2 to CO2 * (v) and CO appears to be ca. 15%. CO2 * (v) was found to be less stable at high discharge power densities.
When using dry air, the partial pressures of N2O and O3 increased with the specific power density, while NO2 decreased. However, in the presence of water vapour, the partial pressures of NO2, O3 and N2O
increased. In addition, while the presence of water vapour was essential for the production of HNO3, the partial pressure of NO2 increased with the relative humidity and that of O3, N2O5 and N2O decreased.
The time-dependent behaviour of the partial pressure of NO2 in the plasma glow region was found to correlate with the time dependence of the gas temperature, i.e. increasing with increasing temperature.
In contrast, the ozone partial pressure decreased with increasing temperature, as would be expected on the basis of thermodynamic principles. Moreover, in the presence of water vapour the effect of gas temperature on NO2, N2O and O3 was more significant, suggesting a synergetic effect of relative humidity and gas temperature.
Unexpectedly, the spectroscopic analyses of O3, NO2 and N2O in the plasma glow region and in the downstream exhaust suggested the occurrence of chemical reactions in afterglow region rather than simple diffusion. For instance, the higher partial pressure of N2O observed in the downstream exhaust than in the plasma glow region when using dry air, suggested that active species such as atomic nitrogen play important roles in the afterglow region.
Finally, it is clear from our research that the UV analyses of ozone cannot employed with any accuracy in the presence of interfering species such as N2O5 and/ or HNO3.
